The aim of this study is to compare the wear behavior of X45MoCrV5-3-1 tool steel, used as die material in aluminum extrusion, after single treatment (CrN coating) and duplex treatment (nitriding and CrN coating). Gas nitriding and physical vapor deposition were used as processing techniques and wear tests were carried out at both room and elevated temperatures. A ball-on-disc type tribometer was used for room temperature tests, utilizing Al2O3 ball as counterpart. In order to simulate the wear conditions during extrusion, hot wear tests were carried out at 450
Introduction
From past to present, in order to eliminate the wear problem, industry needs to develop hard die surfaces.
The surfaces can be hardened by heat treatments, nitriding or coating thin lms with physical vapor deposition (PVD) or chemical vapor deposition (CVD) processes [13] . Researchers concluded that CrN, AlTiN coatings and their enhanced applications like AlCrN, AlCrSiN improve the wear resistance of dies used in extrusion process [47] . For a coated material, the load carrying capacity of the coating/substrate becomes important.
The way to increase the load carrying capacity of coating/substrate system without increasing the thickness is to obtain a hard substrate. Studies show that the coatings on harder substrate have better wear resistance than those on softer substrate [8, 9] . So as to obtain hard substrate, researchers applied nitriding process on substrate surfaces and they tried to use diusion zone as substrate in coating process [5, 10, 11] . In fact, studies showed that with nitriding process, load carrying capability of the coating/substrate was developed and chemical stability of dies against aluminum was enhanced [4, 10] . In this work, wear behavior of X45MoCrV5-3-1 tool steels coated by various methods was investigated. In addition to room temperature wear tests, high temperature tests were performed at 450
• C in order to determine the wear behavior of steels in extrusion conditions. Heat treated and nitrided steels were also investigated as control group to understand the changes in wear resistance.
* corresponding author; e-mail: sydpolat@gmail.com (Fig. 1c) . Figure 1d shows clearly a stable diusion layer in the cross-section of duplex treated steel (HW4).
Evaluation of wear tests
Friction coecient versus sliding distance diagrams are shown in Fig. 2 . At room temperature tests, HW4 steel having the highest surface hardness exhibits the highest friction coecient value (Fig. 2a) . Contact area decreases but shear strength increases with increasing hardness of the plate material, thus friction coecient gets higher [3] . steel has the lowest friction coecient due to its high surface roughness value. Its surface was ground using 1000 mesh SiC paper before nitriding, whereas HW3 and HW4 steels were polished to form a mirror like surface prior to coating. From tribological point of view, (i) the show that all steels have higher friction coecient values than those obtained at room temperature (Fig. 2b) . At coecient [4, 10] . Thus, steels have friction coecient values higher than 1.0 at this temperature. The roughness of nitrided steel (HW2) causes higher adherence of aluminum to steel surface and a three-body wear mechanism occurs. This explains why HW2 nitrided steel has the highest friction coecient for the whole sliding distance. Since CrN coating reduces the aluminum anity [4, 10] , the steels coated with CrN (HW3 and HW4) have close friction coecient values and also their values are lower than those of HW1 and HW2. ball at room temperature. However, there is no severe track/layer on the surface of HW4 steel (Fig. 4d) . This indicates that duplex treatment develops the load carrying capacity during dry sliding. The worn surfaces formed at elevated temperature also were examined by SEM (Fig. 5a-5d ). As it is well known, outer boundary layer includes ferrous oxide particles/layers like Fe 2 O 3
and Fe 3 O 4 as a function of temperature and degree of friction [2] . The particles can be clearly seen on the worn surface of HW1 steel that has the highest volume loss (Fig. 5a ). Adhesion of aluminum to steel is possible at the test temperature and the worn surfaces of HW2, HW3 and HW4 steels reveal adhered aluminum layers (Fig. 5b-5d ). On the other hand, microcracks were observed on the coating of HW3 steel, whereas no cracking was seen on the coating of HW4 steel. This indicates that the load carrying capacity of CrN coating having no nitriding/diusion layer is not sucient at 450
• C under normal load.
Conclusion
In this study, the wear behavior of X45MoCrV5-3-1 tool steel was investigated as a function of heat/surface treatment and under dierent tribological conditions.
Duplex treated HW4 steel has the lowest volume loss and thus, lowest specic wear rate during the test carried out at room temperature. At elevated temperature it revealed a stable coating layer with no microcracks.
Therefore, applying duplex treatment (nitriding + CrN coating) on heat treated tool materials, used in Al extrusion at elevated temperature, is favorable for reducing failure due to wear.
